Na x-y H y Ti 2-x Fe x O 4 •nH 2 O nanosheets with lepidocrocite-like layered structure synthesized by hydrothermal treatment of ilmenite sand by acid exchange. Thus, Na x-y H y Ti 2-x Fe x O 4 •nH 2 O with a lepidocrocite-like layered structure might be modified to match its physical properties to an application. In the present work the crystal structure, morphology and optical properties of Na x-y H y Ti 2-x Fe x O 4 •nH 2 O nanosheets with lepidocrocite-like layered structure hydrothermally synthesized from ilmenite sand were investigated by X-Ray diffraction, transmission electron microscopy and UV-Vis spectroscopy.
Experimental Procedure
Untreated ilmenite sand from a Brazilian mine was used as a new low cost precursor (~$80 US ton -1 ). It was ball milled for 90 min in a SPEX 8000-115 Mixer Mill with a 20:1 ball to ilmenite mass ratio, resulting in a mean particle size of 0.25 µm. In a typical synthesis 0.5 g of ball milled natural ilmenite sand was mixed with 25 mL of 10 M NaOH, transferred to a 30 mL Teflonlined autoclave (83.3% filling factor) and held at 130 o C for 70 h with continuous stirring. The resulting brown powder was dispersed in 200 mL of distilled water, mixed, and filtered. The powder was water washed (up to pH~7) and dried at 80°C for 5 h.
X-ray powder diffraction (XRPD) of precursor and product were performed on a RigakuXRD-6000powder diffractometer with CuKα radiation at 40 kV and 35 mA. LeBail analyses of XRPD patterns were carried out using Topas Academic software. Transmission electron microscopy (TEM) images, selected area electron diffraction (SAED) patterns and X-ray energy dispersive Spectrometry (EDS) were carried out in a JEOL-2010 microscope operating at 200 kV and in a Titan 80-300 microscope at 300 kV. TEM pecimens were prepared by ultrasonic dispersion of the powder in alcohol, then dropping onto a holey carbon film supported by a copper grid. Product compositions were determined by TEM/ EDS. Scanning electron microscopy and EDS (SEM/ EDS) were performed using a Zeiss DSM 960. Semiquantitative X-Ray fluorescence (XRF) analysis (Software SemiQ PW2452) was performed in a Philips/Panalytical PW2400 with a Rh-based ceramic tube at 3 kVA. UVVis absorption spectra, analyzed in transmission mode, of the product suspension in water were obtained on an Agilent 8453 UV-vis spectrophotometer after 30 min of ultrasonication.
Results and Discussion
X-ray diffraction (XRD) of the ilmenite sand precursor, Fig. 1 , shows that it consists of ilmenite as the principal crystal phase; however, pseudorutile, rutile and quartz are also present. X-Ray fluorescence ( Table 1) and SEM/EDS (Fig. 2 ) also show that natural ilmenite sand is not homogeneous, having different impurity elements and phases. However, Fig. 2b (EDS) is consistent with Fig. 1 , showing that ilmenite (gray phase in the backscatter image, Fig. 2a ) is the principal phase in the sand.
LeBail refinement of the product XRD pattern (Fig. 3) clearly identified three Lepidocrocite-like titanates (space group: Imm2) with similar a and c lattice parameters but different interlayer distances (b/2), as well as a small amount of hematite nanoparticles ( Table 2) . The values obtained for a (~ 3.8 Å) and c (~ 3.0 Å) are similar to those reported by Reid et al. [4] : a = 3.805 Å and c = 2.972 Å, for Cs x Ti 2-x Fe x O 4 . EDS analysis (Fig. 4a ) demonstrated the presence of Na, Fe, Ti and O. Because the samples were prepared in an aqueous environment and subsequently washed, partial ionic exchange of the interlayer cations (Na + by H + ) is plausible, suggesting that the product should be Na x-y H y Ti 2-x Fe x O 4 •nH 2 O. Therefore, the a and c lattice parameters (mostly dependent on the layer composition) should be similar to a and c for Cs x Ti 2-x Fe x O 4 . However, the interlayer distance (b/2) depends on the interlayer cation size and proportion (x) as well as the amount of interlayer water (n). Sasaki et al. [1] reported that interlayer distances in Na x Ti 2-x/4  x O 4 •nH 2 O depend on the Na proportion (8.9 Å for x = 0.7 and 11.5 Å for x > 0.7). These values agree with two of the interlayer distances obtained for Na x-y H y Ti 2-x Fe x O 4 •nH 2 O reported here ( Table 2 ). The three interlayer distances obtained are due to inhomogeneous cation exchange (Na + for H + ) during washing resulting in particles with different proportions (x) of Na. Sasaki et al. [1] suggested that the phases with lower Na content and interlayer distance of ~9 Å are due to monolayers of cations and H 2 O molecules in the galleries, while phases with higher Na content are likely to have a bilayer water/cation cluster, increasing the interlayer distance (b/2).
TEM analyses show leaf-like nanosheet morphology with thickness less than 30 nm and lengths below 1 µm. The TEM image in Fig. 4b shows both top views (beam perpendicular to the layers, parallel to [010]) and cross section views (beam parallel to the layers, perpendicular to [010]) of the nanosheets allowing thickness and length measurements. From Fig. 4c (HREM image of a nanosheet cross section) it was possible to measure the interlayer distance (b/2). The measured value, 7 Å, is well below the three values obtained from the XRD measurements. This can be explained by dehydration inside the TEM from the vacuum and heating by the beam. Sasaki et al. [1] reported interlayer contraction from 9.37 Å to 6.6 Å for H x Ti 2-x/4  x O 4 •nH 2 O after dehydration, supporting our explanation. In agreement with the XRD results,hematite nanoparticles were also present, identified by the increased EDS Fe peak (Fig. 5a ) and HREM lattice fringes spaced at 2.7 Å corresponding to hematite (104) planes (Fig. 5b) . As most of the nanosheets fell on the grid with [010] parallel to the beam the selected area diffractions patterns show a crystallographic texture, where the rings correspond to (h0l) or (h1l) planes. From the a and c parameters and the b value of ~14 Å, the interplanar distances between different crystallographic planes (hkl) were calculated to index the SADP (Fig. 6) Sasaki et al. [1] for Na x Ti 2-x/4  x O 4 •nH 2 O is that the amount of interlayer water is proportional to the Na content. As this cation exchange was probably not homogeneous, resulting in three phases with different Na contents, different H 2 O contents and interlayer distances resulted. To obtain a single phase (one interlayer distance) we plan longer washing times with aqueous HCl to completely displace Na + from the interlayer galleries by H + . To evaluate the optical properties and potential photocatalyst application an aqueous suspension of Na x-y H y Fe x Ti 2-x O 4 •nH 2 O nanosheets was analyzed by transmission UV-Vis absorption spectrophotometry (Fig. 7) . The 5.11 eV peak is assigned the band gap energy. Sasaki et al. [26] Sasaki et al. [26] . This indicates that lepidocrocite-like titanate nanosheets with thickness up to 30 nm (present work) show a significant band gap blue shift compared to bulk layered titanates or anatase (3.18 eV) and rutile (3.03 eV). Fig. 7 also shows a tail out to 600 nm (corresponding to ~2 eV) due to hematite, which has a 2.2 eV band gap [27].
Conclusions
Na x-y H y Ti 2-x Fe x O 4 •nH 2 O nanosheets with lepidocrocitelike layered structure were synthesized from ilmenite sand for the first time by alkaline hydrothermal treatment at low temperatures (130 o C). This process is energetically advantageous and cost effective compared to a solid state reaction, the most common process used to produce this type of material. TEM showed that the product has a leaf-like nanosheet morphology with thickness below 30 nm and lengths below 1 µm. Three Lepidocrocite-like titanates (Imm2 space group) with similar a and c lattice parameters and different interlayer distance (b/2), as well as a small amount of hematite were identified through LeBail refinement of the product XRDP. The three interlayer distances obtained were attributed to inhomogeneous cation exchange (Na + for H + ) during washing resulting in particles with different proportions (x) of Na. The band gap (5.11 eV) obtained for Na y H x-y Fe x Ti 2-x O 4 •nH 2 O nanosheets in the present work is close to the 4.67 eV obtained for Ti 1-x  x O 2 4x-nanosheet crystallites by Sasaki et al. [26] .
